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It is known from previous investigations (Lewis et al. 1953) that patients with coronary heart
disease, previous myocardial infarction, and an enlarged heart may show the usual signs of left
ventricular failure with increased pulmonary vascular pressures and a tendency to reduced cardiac
output. To our knowledge, no systematic investigations of cardiac output and pressures in the lesser
circulation have been made in patients with coronary heart disease and a normal-sized heart, with
anginal pain as the main symptom. Nor have any observations been published from the same
patients when free from pain and when complaining of pain, either spontaneous or induced by exercise.

It is generally believed that the administration of nitro-glycerine leads to a dilatation of coronary
vessels. An increase in coronary blood flow subsequent to nitro-glycerine has been demonstrated in
animals (Gregg, 1950), and its effect on anginal pain due to coronary heart disease in man has also
been attributed to its influence on the coronary blood flow (Wayne and Laplace, 1933; Russek et al.,
1955). However, there are no observations by cardiac catheterization on the effect of nitro-glycerine
on the left ventricular function and the lesser circulation in man. This research has been designed to
fill these apparent gaps.

Material and Methods. Twenty-four patients with coronary heart disease have been studied by cardiac
catheterization, one of them twice at an interval of a year (observations 8 and 9); 20 had electrocardiographic
signs and a history of previous myocardial infarction. In these patients catheterization was performed from
one month (in one) to eight years after the last known infarction. The four patients without known infarction
all had typical anginal pain and also cardiographic changes of angina on staircase tests.

The age of the patients, 3 of whom were women, varied from 45 to 84 years. In 3 (Cases 2, 7, and 24) the
blood pressure had been raised but was, as in the others, normal at the time of the investigation. Cases 3 and
7 had diabetes mellitus, Cases 8 and 24 had xanthomatosis, and Case 24 had thrombocytopenia. All had
regular sinus rhythm during the investigations.

With the patients resting on the table, pressure in the right atrium, pulmonary artery, and pulmonary
artery wedge position (pulm. capillary pressure) were recorded. The oxygen consumption was determined by
spirometry, using room air. Blood samples were obtained from the pulmonary artery (mixed venous blood)
and from a peripheral artery, usually the brachial, by an indwelling needle.

The patients were investigated during exercise as well as at rest in 15 instances. The exercise consisted of
bicycling in recumbency on an ergometer for at least 54 minutes in 10 cases, but in the other 5 it had to be
discontinued after 2} to 4 minutes because of excessive dyspneea or anginal pain. A Statham strain-guage
coupled to an AC-DC amplifier and a Brush oscillograph was used for the pressure recordings, and the pres-
sures related to a point 10 cm. in front of the patient’s back. Manometric (van Slyke) and spectrophotometric
(Refsum et al., 1956) methods were used for the oxygen determinations in the blood samples. Cardiac
output was determined according to the direct Fick principle and expressed in litres per minute per square

meter body surface (cardiac index).
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RESULTS

(@) Patients with dyspnea but no angina. Eight patients with previous infarction and with
dyspncea as the main complaint were selected for studies (Table I). Four of them were observed
during moderate exercise as well as at rest.  All had experienced nocturnal attacks of breathlessness,
though in Case 1 this occurred only in combination with tachycardia (? paroxysmal). All showed
enlarged hearts by X-ray (more than 500-540 ml./m.2 for men; Amundsen, 1956), except Case 3 with
a heart size at the upper limit of normal.

TABLE 1
PATIENTS WITH DYSPNGEA AS THE MAIN SYMPTOM AND WITH ENLARGED HEARTS
Rest Exercise

Heart
No. | Age | vol.in | Oy cons.] CI |RAPm| PAPm |PCPm|MVB| Incr. | CI |PAPy|PCPn| MVB

ml./m.2 | ml./m.2 0,% | Oz cons. 0%
1 49 600 150 4-4 5 (RV 36/4) 74-0
2 58 590 155 31 4 31 25 | 570
3 60 510 145 2-5 4 25 63-0
4 75 | LV+ 160 42 9 34 25 | 693
S : 61 670 165 1-8 9 35 19 | 597 180 (19| 45 35 | 42:0
6 @ 63 760 160 35 6 40 32 | 600 62 45 | 511
7 ] 6l 650 150 43 45 27 17 | 64-7 300 (431 51 39 | 525
8 | 53 650 160 29 6 34 274 | 69-1 400 |40/ 60 374 | 511

i

All patients were men except Case 4. All had nocturnal dyspnea. O; cons.=Oxygen consumption, ml. per
minute per square metre body surface. RAPm, PAPp, RCPp=Mean right atrial, pulmonary arterial, and pulmonary
capillary pressures in mm. Hg. MVB 0,%; =Oxygen saturation of mixed venous blood. Incr. O, cons.=Increase

of oxygen consumption during exercise, ml. per minute. CI=Cardiac Index. Case 6: Exercise 50 kg. m./min. for
24 minutes.

In all six patients where pulmonary capillary pressure was obtained, this was increased above
normal limits (14 mm. Hg) even at rest, with a parallel increase in pulmonary artery pressure. Two
others (Cases 1 and 3) showed right ventricular and pulmonary artery pressures just above the upper
limit of normal. Although only one (Case 5) has a subnormal cardiac index, five showed resting
oxygen saturation in mixed venous blood below 65 per cent. The right atrial mean pressure tended
to be high, being 6 mm. Hg or more in four, while in two, who had the smallest hearts, it was within
normal limits.

In four patients exercised, pulmonary capillary pressures increased still further and ranged from
35 to 45 mm. Hg. In one (Case 6) where it reached the highest level, the exercise test had to be
discontinued after 24 minutes because of excessive dyspneea although the effort was very moderate.
In two of three cases where cardiac output was measured, no increase occurred during exercise.

(b) Angina with previous myocardial infarction. Eleven patients with previous myocardial
infarction and with anginal pain as the dominant symptom were catheterized, 8 of them during
exercise as well as at rest (Table 1I). Six had experienced nocturnal attacks of anginal pain, the
remainder only on varying degrees of effort. All except one had X-ray examination, and all these
showed heart volumes below or within the upper limit of normal.

Only one (Case 9) of ten patients had an abnormally raised pulmonary capillary pressure at rest.
Five, however, had pressures in the upper, normal region (11-12 mm. Hg). None had subnormal
cardiac outputs, but two (Cases 15 and 17) had a cardiac index near the lower, normal limit for their
age (Brandfonbrener et al., 1955). One man, 84 years old, in whom no determination of oxygen
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TABLE 11

PATIENTS WITH ANGINAL PAIN AS THE MAIN SYMPTOM AND AN EARLIER INFARCTION AND A NORMAL-SIZED HEART

| \
‘Heart Rest Exercise
vol. in
No.| Age | Ang. | ml/ | O; cons.‘ CI WPAPm PCPy, MVBHeart| Incr. |{Cl!PAPp|PCPyp MVB|Heart A.P
pain | m.2 | ml./m.2 | 0,%; | rate |O; cons. 0,%, | rate |
9152 | +++ 500 160 33 24 16 1 690 68
(A-Vd. o
10| 84 | +++ 4-9) 13 5801 70
11| 53 |+++4| 420 175 5-0 22 6 |692| 85
12| 64 | +++| 39 140 4-9 19 11 |77-0| 67 450 |5-2] 43 52-3,100 | +?
13| 59 | ++4+4]| 360 150 39 18 12 |73:5| 75 510 45 32 106 | +
14 59 | +4++4+| 280 145 37 17 9 |71:9| 75 40 33 1591 96| +
15| 66 ++4 | 460 140 2-8 19 12 1659 62 280 (40| 32 25 586, 80 | +
16 | 49 +4+ 510 145 3-0 25 11 [699| 62 35 599 95 { —
17| 63 +4| 450 140 26 18 11 67-0| 60 41 27 15921 70 } +
18 | 45 ++ | 450 130 33 15 8 [70:0| 75 250 (49| 25 14 619 86 —
19 | 46 +| 435 ' 135 3-0 17 10 710, 62 335 |44 27 (20)15/ 593 83 —

All patients were men. The work was 110 kg. m./min. for Case 14, 90 kg. m./min. for Case 16, and 60 kg. m./min.
for Case 17. It was done for 54 minutes by Case 16 and for 3 minutes by the other two. Ang. pain=history of
anginal pain, +=pain on heavy effort only, ++ =pain on slight to moderate effort, ++ + =Angina decubitus.
A.P.=Anginal pain during the exercise test. See also legend Table I.

consumption was obtained, was the only patient in the group with an oxygen saturation in mixed
venous blood below 65 per cent: an arterio-venous oxygen difference of 49 ml./l. did not, however,
suggest an abnormally low cardiac output for his age.

Of the 8 patients exercised, 6 showed abnormal increases of the pulmonary vascular pressure, with
an increase in pulmonary capillary pressure in the four where this was recorded. All except one of
these experienced typical or probable anginal pain during the exercise test.

Two patients only had normal or near normal h&emodynamics at the end of the exercise period:
neither had a constricting sensation in the chest during the test. In one (Case 19) pulmonary
capillary pressures increased to 20 mm. during the first two minutes of exercise, but thereafter declined
steadily and measured 15 mm. at the end of the six minutes of exercise.

In distinction to those with an enlarged heart and dyspncea as the main symptom, all patients
in this group showed an increase in cardiac output during exercise, as judged from cardiac index,
arterio-venous oxygen difference, or oyxgen saturation in mixed venous blood.

(¢) Angina without recognizable infarction. Three patients with coronary heart disease and
anginal pain, but without known infarction were observed at rest and during exercise (Table II).
All three had normal hemodynamics at rest. The rather low cardiac index in Case 20 is normal
for the patient’s age according to Brandfonbrener et al. (1955)

All patients, however, developed an abnormally raised pulmonary capillary pressure during
exercise. Only one of the three experienced constricting pain during the test. The heart rates
increased only moderately. Only one exercised for a period long enough to obtain data for cardiac
output determination (Case 21; CI, 4,2). The arterio-venous oxygen difference in the others did not
suggest an abnormal cardiac output response to exercise.
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Fic. 1.—Reaction to exercise precipitating anginal pain. Patients with earlier infarctions and normal-size
hearts. Schematic drawing based on observations from Cases 12, 13, 14, 15, and 17.
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F1G. 2.—Reaction to exercise before and after nitro-glycerine. Patients with normal-sized
hearts. Schematic drawing based on observations from Cases 14, 17, and 22.
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(d) Spontaneous attacks of anginal pain. Two patients, both women, one with and one without
known infarction, were observed at the height of a spontaneous attack of anginal pain when resting
on the table (Table 1V). Both had a heart of normal size. Both had subnormal ha&moglobin
concentrations, one being treated with anticoagulants and the other having thrombocytopenia. Both
had normal pulmonary vascular pressures when free of pain and at rest. During the attack of
anginal pain both showed gross increases of pulmonary capillary pressures. Simultaneously, rises in
heart rate of about 15 beats a minute occurred, together with an increase in oxygen saturation of
mixed venous blood indicating an increase of cardiac output of 20-25 per cent if the oxygen consump-
tion remained unchanged. During a similar attack in one of them (Case 24) the systolic peripheral
blood pressure was observed to increase by 25 mm.

TABLE III
PATIENTS WITH ANGINAL PAIN AS THE MAIN SYMPTOM BUT WITHOUT AN EARLIER INFARCTION
i Rest Exercise
l Heart
No.! Age | Ang. |vol.in |O;cons.| CI A-V |PAPy PCPp Heartl A-V |PAPy|PCPn| BP [Heart| A.P.

! pain | ml./m.2| ml./m.2 0, d. rate | O, d. incr. | rate
20 1 72 + 460 115 2-3 51 16 10 50 7-5 37 28 | 72 | —
21 ‘ 55 ' ++4+]| 370 130 31 43 15 6 75 5-8 21 16 25 80 | —

22! 50 | ++ 380 125 35 35 14 10 66 66 34 28 15 88 | +

All patients were men. Exercise was between 80 and 90 kg. m./min. for 3, 6, and 3 minutes respectively. A-V O, d.
=Arterio-venous oxygen difference, volume per cent. BP incr.=Increase of palpatory systolic systemic blood
pressure, mm. Hg. See also legend Tables I and II.

TABLE 1V
SPONTANEOUS ATTACKS OF ANGINAL PAIN
| Patients free from pain During anginal pain
Heart ‘

No. | Age | vol.in | Oz con.| CI MVB | PAPy | PCPy | Heart | MVB | PAPy | PCPy | Heart

i ml./m.2 | ml./m.2 0% rate 0,% rate
23 i 46 400 145 37 60-3 13 8 75 663 35 93
24 } 66 350 125 3-0 64-8 25 14 77 72:2 43 34 92

i

Both patients were women. Case 23 had a Hb. of 649, an old infarct, and xanthomatosis. Case 24 had a Hb.
of 79%;. See legend to Tables I and I1I.

(e) Effect of nitro-glycerine. Four patients, two with and two without myocardial infarction,
were observed at rest and during exercise, before as well as 10 to 14 minutes after the administration
of 0-5 mg. of nitro-glycerine (Table V). All four had anginal pain as the main symptom, a normal-
sized heart, and ST-T depression after standard staircase tests.

All patients had normal or near normal hemodynamics at rest. No systematic changes were
observed at rest after nitro-glycerine, except that the pulmonary capillary pressure, which had been
normal, showed a fall of 1-2 mm. in all patients and the peripheral systolic blood pressure declined
0-10 mm.

During the exercise test before nitro-glycerine all four patients developed abnormally increased
pulmonary capillary pressures, 16 mm. in the only patient without anginal pain, 27, 28, and 33 mm.
in the three who developed constricting pain during the test. In these three, the pain appeared
after 2-24 minutes of bicycling. The abnormal increase in pulmonary capillary pressures, however,
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TABLE V
EFFECT OF NITRO-GLYCERINE IN PATIENTS WHOSE MAIN SYMPTOM WAS ANGINAL PAIN

Rest ) Exercise
Heart
No.| Age | vol. in CI A-V |PAPp |PCPp [Heart| BP | A-V |PAPy | PCPpy |Heart| Work | BP |A.P.
sex |ml./m2 0, d. rate | (s) | Oz d. rate | load | (s)
9 Before | 37 37 17 9 | 75 |140| 67 40 33 | 96 | 110 | 150 | +
5 3
14| m. | 280
After 46 15 7 | 69 |135] 67 21 11 97 | 115 | 155 | —
3
6 Before | 2:6 5-4 18 11 60 115 70 41 27 | 70 | 60 | 125 | +
3
17 | m. | 450
After 53 18 9 | 62 |105| 67 23 13 | 68 60 | 110 | —
3
55 Before | 3-1 43 15 6 | 75 |110| 5-8 21 16 | 80 85 | 135 | —
6
21 | m. | 370
After 44 12 4 | 88 |105| 6°1 17 7175 90 | 130 | —
6
5 Before | 3-5 35 14 10 | 66 |100| 66 34 28 88 80 | 115 | +
3
22 | m. | 380
After 42 16 9 | 78 |100| 6-1 19 14 | 86 90 | 105 | —
3

Cases 14 and 17 had previous cardiac infarction and the other two had not. BP (s)=Palpatory systolic systemic
blood pressure, mm. Hg. Work load=Kg. m./min. The duration of exercise was 3 minutes in all except Case 21
where it was 6 minutes. See also legends Tables I and II.

was present after only one minute of exercise. In Case 22 the pain increased in intensity for 2-3
minutes after the exercise was stopped and nitro-glycerine administered: during this period the mean
pulmonary artery pressure continued to increase and reached a maximum of 52 mm. with a diastolic
pressure of 42 mm. The pressures did not fall to the level before exercise until 6 minutes after the
exercise was stopped.

During the same or slightly increased exercise 10 to 14 minutes after the administration of nitro-
glycerine, the pulmonary capillary pressure remained within normal limits in all four patients. The
arterio-venous oxygen difference was remarkably similar before and after nitro-glycerine in three of
the four, indicating similar trends in cardiac output. In the fourth a smaller oxygen difference
suggested a higher cardiac output during the second exercise test. The heart rates were also remark-
ably constant. The dose of nitro-glycerine was not such as to lower the arterial pressure significantly,
and in fact the systolic arterial pressure rose with exercise in all cases.

DIiscussION

Our observations in the group of patients with previous infarction, an enlarged heart, and dyspncea
as their main symptom are in accord with the findings of previous investigators (Lewis et al., 1953).
Signs of left ventricular failure with increased pressures throughout the lesser circulation and a
tendency to subnormal cardiac outputs were found at rest, with much greater deviations from normal
during exercise. In all cases exercised, pulmonary capillary pressures rose to levels where pulmonary
cdema is imminent (Gorlin et al., 1951), and no increase in cardiac output occurred in two of the
three.

In contrast to the above group, most patients with previous infarction, a heart of normal size, and
varying degrees of anginal pain showed essentially normal h@modynamics at rest and when free of
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pain. The only exceptions were a man of 84 with a subnormal resting oxygen saturation in mixed
venous blood, but with an arterio-venous oxygen difference suggestive of a normal cardiac output
for his age, and a patient with a borderline heart size and a pulmonary capillary pressure just above
the upper limit of normal. All the others in this group had normal pulmonary capillary pressures,
though five of the nine were in the upper normal region, and had normal cardiac outputs for their
ages.

Similar, essentially normal findings were obtained at rest and when free from pain in patients
with varying degrees of anginal pain as the main complaint, but without known infarction. The
transition of a patient from one group to the other in the course of a year without a new, major
infarction is illustrated in Table VI. With an increase in pulmonary vascular pressures and a fall,
albeit small, in cardiac output, there was a change in symptoms from mainly pain and only slight
dyspncea on effort, to dyspncea both on effort and at night with only slight pain, and an increase
in heart volume.

The observations during exercise in patients with hearts of normal size were essentially similar
whether they had a history or signs of previous infarction or not: signs of varying degrees of left
ventricular failure with raised pulmonary capillary and/or arterial pressures were observed in nine of
eleven patients exercised. The nine with signs of left ventricular failure comprised all patients who
experienced anginal pain during the exercise test together with three who did not. In patients where
anginal pain was precipitated, the rise in pulmonary capillary pressure was observed to precede the
sensation of pain which usually appeared after two or three minutes of exercise, while the rise in
pressure was recorded after one minute.

TABLE VI
OBSERVATIONS ON A PATIENT, ONE AND TWO YEARS AFTER MYOCARDIAL INFARCTION
Pain Dyspncea Rest
Heart

After |Noct.| On |Noct.| On | vol.in {Ozcons.] CI | PAPym | PCPp
infarct effort effort | ml./m.2
1 year + [ ++ | — + 500 160 33 24 16-0
2years | — + + | ++ 600 160 29 34 27-5

See legend to Tables I and II.

Neither of the two patients without signs of left ventricular failure (indicated by increased pul-
monary capillary pressures) at the end of the exercise period, experienced anginal pain during the
test. One of them (Case 19) developed a raised pulmonary capillary pressure during the first two
minutes of exercise. The pressure, however, thereafter declined and approached the upper limit of
normal at the end of the exercise period.

In all cases with a normal-size heart the cardiac output response to exercise seemed to be within
normal limits as judged from cardiac index, arterio-venous oxygen difference, and oxygen saturation
in mixed venous blood, irrespective of whether there was failure of the left ventricle or not.

The two patients observed at the height of a spontaneous attack of anginal pain both showed
transitory, gross signs of left ventricular failure with increase of pulmonary capillary pressures up to
levels where pulmonary cedema may develop (Gorlin et al., 1951). It seems therefore that the anginal
state generally is combined with varying degrees of left ventricular failure, whether the pain is
precipitated by effort or is spontaneous. If precipitated by effort, it is usually preceded by the signs of
left ventricular failure, which may also develop without any constricting sensations.

A slight fall in pulmonary capillary pressure (1-2 mm. Hg) was the only systematic alteration
observed in the lesser circulation 10 minutes after nitro-glycerine was given to four patients with
normal heart sizes—when resting on the table. During exercises, however, the changes in h&mo-
dynamics before and after nitro-glycerine were striking. Before nitro-glycerine was given all four
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patients developed abnormally raised pulmonary capillary pressures and signs of left ventricular
failure during exercise. After nitro-glycerine they all tolerated the same or slightly heavier work
without abnormal rise in pulmonary capillary pressures. In face of the same or slightly increased
amount of work performed, the unaltered or slightly reduced arterio-venous oxygen differences
observed exclude any significant decrease in cardiac output during the second exercise test. The
same holds true for stroke volume as the heart rates also were nearly constant. The pulse pressures
in the left ventricle may—in cases without mitral valvular stenosis—be gauged by taking the differ-
ence between the pulmonary capillary pressure and the systolic pressure in the peripheral arteries
(Epps et al., 1953; Werko et al., 1953; and Goldberger et al., 1957). It will be noted that this
remained constant or even increased. These observations—the unchanged or slightly increased
cardiac output, stroke volume, and pressure generated by the left ventricle—together seem to exclude
areduced effective forward left ventricular work or stroke work during the second exercise test as com-
pared to the first. Thus the reduced pulmonary capillary pressure in exercise could not be the con-
sequence of any decline in left ventricular load. Accordingly, the administration of nitro-glycerine,
leading in these four cases to a greatly reduced left atrial—and hence leftventricular diastolic—pres-
sure without a simultaneous reduction of effective forward left ventricular work and stroke work,
seems to have altered materially the relationship between the amount of left ventricular work and
the left ventricular diastolic filling pressure necessary to perform it.

Sarnoff et al. (1954) reported the observation of a depressive effect on the left ventricular function
curve (““Starling curve ) of artificial reduction of the blood flow in the left main coronary artery in
dogs. As nitro-glycerine is supposed to exert its influence on the myocardium through an augmen-
tation of coronary blood flow (Gregg, 1950), our observations from patients before and after the
administration of this drug seem to parallel the findings of Sarnoff ez al. The h&modynamic changes
therefore suggest a reserve of coronary vascular capacity reacting to nitro-glycerine with great
influence on the function of the left ventricle. Whether nitro-glycerine causes an exceptional
dilatation of vessels of normal calibre or the relaxation of abnormal vasoconstriction cannot be
decided from the findings reported here.

CONCLUSIONS

Twenty-four patients with coronary heart disease, without signs of valvular disease or any rise of
blood pressure, have been studied by cardiac catheterization.

Patients with coronary heart disease, previous myocardial infarction, and an enlarged heart, and
with dyspneea as the main symptom generally show hemodynamic signs of left ventricular failure at
rest, with striking accentuation on moderate effort.

Patients with anginal pain as their main complaint and with a heart of normal size mostly have
normal h&emodynamic findings at rest when free from pain, whether they have had an old infarct or
not. Evenif the effective, forward left ventricular stroke work is only moderately increased, anginal
pain, whether spontaneous or after exercise, is accompanied by signs of left ventricular failure.
This develops before the pain is felt, and in some cases without any constricting sensation. It may
continue and even increase after the precipitating factor is removed. Patients in this group usually
show normal cardiac output response to moderate exercise, even when left ventricular failure develops
(Fig. 1).

In patients with anginal pain as the main symptom and with a heart of normal size, no major
alterations occur in the essentially normal h&@modynamics of the lesser circulation subsequent to
nitro-glycerine, when the patientis restingand atease. During moderate exercise after nitro-glycerine
there are no systematic changes in cardiac output, effective forward left ventricular work, or stroke
work, but the same amount of exercise that before the administration of the drug precipitated gross
left ventricular failure may be tolerated with no signs of pulmonary venous hypertension (Fig. 2).

Nitro-glycerine appears to improve the work capacity of the left ventricle, possibly by increasing
coronary blood flow.
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